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Who ordered 
that?

Isidor I. Rabi
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(a) Garwin data (b) Hutchinson data

Figure 1.5: Historical plots showing Larmor precession data from the (a) Garwin and (b) Hutchinson exper-
iments used to determine the g-factor of the muon.

where τ is the muon lifetime, the magnitude of the amplitude A is determined by the energy cut, and the
phase φ depends on the initial polarization of the muon ensemble.

The first measurement of the g-factor of the muon was performed in 1957 by Garwin and collaborators
at the Nevis cyclotron [28]. Muons, formed in-flight from pion decay, were passed one at time through an
entrance counter and stopped in a carbon target. An external magnetic field, applied in the target region,
caused the muon spin to precess. The amount of precession in a fixed time interval could be increased or
decreased by adjusting the strength of the field. The counts measured in a fixed counter were plotted as a
function of applied field, and from Equation 1.23 they were able to determine g 2 00 0 10 for the muon.
The experimental error was initially to large to elicit the anomaly of the muon. The data from the Garwin
experiment as it was originally published is shown in Figure 1.5(a).

Over the course of the next five years, the determination of the muon’s g-factor improved as several other
groups continued to perform Larmor precession type experiments on stopped muon sources [29, 30, 31, 32,
33]. The highest precision reached by this method was achieved by Hutchinson and collaborators [34] in
1963 by stopping muons in a magnetic field and measuring the early-to-late phase difference between a stan-
dard reference and peaks in the decay electron distribution, see Equation 1.24. As shown in Figure 1.5(b),
the Larmor precession frequency can be measured by plotting the phase difference at a fixed time interval
as a function of the reference clock frequency. Fitting the data for the zero crossing allows for a precise de-
termination of the Larmor precession frequency. Since the magnetic field is measured via nuclear magnetic
resonance (NMR) in terms of the Larmor precession frequency of protons in a polarized water sample, it is
convenient to express the results as a ratio λ of the two frequencies (or magnetic moments). Hutchinson was
able to obtain

λ
ωµ
ωp

µµ
µp

3 183 38 4 (1.25)
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The basics of the “g-factor”

Orbiting charged particle:

Particle with spin has an intrinsic magnetic moment:

Classical system: g = 1

For the electron:   g = 2  was known from
Stern-Gerlach and spectroscopy experiments

5

~µL =
q

2m
~L

~µS = g
q

2m
~S



Lyon - New g-2 - ANL - 2012-01

Why does g = 2?

Predicted theoretically by Dirac in 1928
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Aside: In 1933, measured for proton g = 5.6, 
          neutron (by measuring deuteron) g = – 3.8
          Protons and Neutrons are not like Electrons!

For the electron, g remained = 2 for twenty years

Paul Dirac
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Why does g = 2???

But, there’s more to this story ...

1948 - Kusch and Foley measure ge > 2
by 0.12% in spectroscopy

An anomalous magnetic moment

Soon after, Schwinger calculates first
order QED correction

7

Polykarp KuschHenry Foley

ge = 2.00238(10)

a =
g � 2

2
ae = 0.00119(5)

Julian Schwinger

ae = ↵/2⇡ = 0.00118



Lyon - New g-2 - ANL - 2012-01

A new understanding begins

Empty space is not empty

The beginnings of QED and the Standard Model
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Currently, ae is known to sub-ppt

Gabrielse (2006 & 2008):
Previous result was 20 years prior

9

ae = 0.00115965218073(28)
Quantum-jump spectroscopy determines !fc and !!a. For

each of many trials the system is prepared in the spin-up
ground state, jn ! 0; ms ! 1=2i, after which the prepara-
tion drives and detection amplifier are turned off for 1 s.
Either a cyclotron drive at a frequency near to !fc, or an
anomaly drive at frequency near !!a, is then applied for 2 s.
The amplifier and a feedback system are turned on to
provide QND detection of either a one-quantum cyclotron
excitation or a spin flip. Cavity-inhibited spontaneous
emission makes the cyclotron excitation persist long
enough to allow such detection. Figure 4 shows the fraction
of the trials for which excitations were detected.

The cyclotron drive is microwave radiation injected into
the trap cavity through a cold attenuator to keep black body
photons from entering the trap. The anomaly drive is an
oscillatory potential applied to electrodes at frequencies
near !!a to drive off-resonant axial motion through the
magnetic bottle gradient from two nickel rings (Fig. 2).
The electron, radially distributed as a cyclotron eigenstate,
sees an oscillating magnetic field perpendicular to B as
needed to flip its spin, with a gradient that allows a simul-
taneous cyclotron transition [10]. To ensure that the elec-
tron samples the same magnetic variations while !!a and !fc
transitions are driven, both drives are kept on with one
detuned slightly so that only the other causes transitions.
Low drive strengths keep transition probabilities below
20% to avoid saturation effects.

QND detection of one-quantum changes in the cyclotron
and spin energies takes place because the magnetic bottle
shifts the oscillation frequency of the self-excited axial
oscillation as " !!z " 4#n$ms% Hz. After a cyclotron ex-

citation, cavity-inhibited spontaneous emission provides
the time needed to turn on the electronic amplification
and feedback, so the SEO can reach an oscillation ampli-
tude at which the shift can be detected [6]. An anomaly
transition is followed by a spontaneous decay to the spin-
down ground state, jn ! 0; ms ! &1=2i, and the QND
detection reveals the lowered spin energy.

The expected line shapes arise from the thermal-axial
motion of the electron through the magnetic bottle gra-
dient. The axial motion is cooled by a resonant circuit in
about 0.2 s to as low as Tz ! 230 mK (from 5 K) when the
detection amplifier is off. For the cyclotron motion these
fluctuations are slow enough that the line shape is essen-
tially a Boltzmann distribution with a width proportional to
Tz [11]. For the anomaly resonance, the fluctuations are
effectively more rapid, leading to a resonance shifted in
proportion to Tz.

We use the weighted average of !!a and !fc from the line
shapes (indicated by the abscissa origins in Fig. 4) in
Eq. (2) to determine g=2. With saturation effects avoided,
these pertain to the magnetic field averaged over the ther-
mal motion. It is crucial that any additional fluctuations in
B that are symmetric about a central value will broaden
such line shapes without changing the mean frequency.

To test this weighted mean method we compare maxi-
mum likelihood fits to line shape models (Fig. 4). The data
fit well to a convolution (solid curve) of a Gaussian reso-
lution function (solid inset curve) and a thermal-axial-
motion line shape [11] (dashed curve). The broadening
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FIG. 4. Quantum-jump spectroscopy line shapes for cyclotron
(left) and anomaly (right) transitions, with maximum likelihood
fits to broadened line shape models (solid), and inset resolution
functions. Vertical lines show the 1-" uncertainties for extracted
resonance frequencies. Corresponding unbroadened line shapes
are dashed. Gray bands indicate 68% confidence limits for
distributions about broadened fits.
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FIG. 3 (color online). Electron’s lowest cyclotron and spin
levels.
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FIG. 2 (color). Cylindrical Penning trap cavity used to confine
a single electron and inhibit spontaneous emission.

PRL 100, 120801 (2008) P H Y S I C A L R E V I E W L E T T E R S week ending
28 MARCH 2008

120801-2

Hanneke et al., PRL100 (2008) 120801

Agrees with SM. So are we done?
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Beyond electrons are muons

Weak and hadronic corrections to ae are tiny
                                                            See M.Passera INT2008

But for the muon, sensitivity goes as

So look at muons! 

Taus would be even better, but lifetime and production 
rates are too small to be useful here

Muons are the only particle left for this type of 
fundamental measurement!

10

1.628(20)⇥ 10�12 0.0297(5)⇥ 10�12

(mµ/me)
2 ⇡ 40, 000

Weak correction Hadronic correction
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Muons and spin are an ideal match

Some lucky breaks from parity violation:

High momentum muons from pion decays are longitudinally
polarized

Muon decays are “self-analyzing”
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➪

➪π+

µ+ νµL
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µ− ν̄µR
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➪
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" P

✘ ➪
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↘

↖
↙

C

Fig. 1. In the P violating weak pion decays leptons of definite handedness are produced depending on the given charge. µ− [µ+]
is produced with positive [negative] helicity h = !S · !p/|!p|. The physical µ− and µ+ decays are related by a CP transformation.
The decays obtained by C or P alone are inexistent.

The pion decay rate is given by

Γπ−→µ− ν̄µ
=

G2
µ

8π
|Vud|2F 2

π mπ m2
µ

(

1 −
m2

µ

m2
π

)2

× (1 + δQED) , (11)

with δQED the electromagnetic correction.

2) Muon decay:
The muon is unstable and decays via the weak three body decay µ− → e−ν̄eνµ

W−

e− ν̄e

µ−
νµ

µ–decay
·

The µ–decay matrix element follows from the relevant part of the effective Lagrangian which reads

Leff,int = −Gµ√
2

(ēγα (1 − γ5) νe) (ν̄µγα (1 − γ5) µ) + h.c.

and is given by

T = out< e−, ν̄eνµ|µ− >in=
Gµ√

2
(ūeγ

α (1 − γ5) vνe)
(

ūνµγα (1 − γ5) uµ

)

.

This proves that the µ− and the e− have both the same left–handed helicity [the corresponding anti–particles
are right–handed] in the massless approximation. This implies the decay scheme of Fig. 2 for the muon. Again

➪

➪➪➪

µ+

e+
ν̄µR

νeL

➪ ➪➪➪

µ−

e−
νµL

ν̄eR

Fig. 2. In µ− [µ+] decay the produced e− [e+] has negative [positive] helicity, respectively.

it is the P violation which prefers electrons emitted in the direction of the muon spin. Therefore, measuring
the direction of the electron momentum provides the direction of the muon spin. After integrating out the
two unobservable neutrinos, the differential decay probability to find an e± with reduced energy between xe

and xe + dxe, emitted at an angle between θ and θ + dθ, reads

d2Γ±

dxe d cos θ
=

G2
µm5

µ

192π3
x2

e (3 − 2xe ± Pµ cos θ (2xe − 1)) (12)

10

1.2.1. Spin Transfer in Production and Decay of Muons
The muon g − 2 experiments observe the motion of the spin of the muons on circular orbits in a homoge-

neous magnetic field. This requires the muons to be polarized. After the discovery of the parity violation in
weak interaction it immediately became evident that weak decays of charged pions are producing polarized
muons. Thereby the maximal parity violation of charged current processes provides the ideal conditions. The
point is that right–handed neutrinos νR are not produced in the weak transitions mediated by the charged
W± gauge bosons. As a consequence the production rate of νR’s in ordinary weak reactions is practically
zero which amounts to lepton number conservation for all practical purposes in laboratory experiments 4 .

Pions may be produced by shooting protons (accumulated in a proton storage ring) on a target material
where pions are the most abundant secondary particles. The most effective pion production mechanism
proceeds via excitation and subsequent decay of baryon resonances. For pions the dominating channel is the
∆33 → Nπ isobar.

All muon g − 2 experiments are based on the decay chain

π→ µ + νµ

|−→ e + νe + νµ ,

producing the polarized muons which decay into electrons which carry along with their direction of propa-
gation the muon’s polarization (see e.g. [89]).

1) Pion decay:
The π− is a pseudoscalar bound state π− = (ūγ5d) of a d quark and a u antiquark ū. The main decay
proceeds via

W−π−

d

ū µ−

ν̄µ

π–decay
·

Being a two–body decay, the lepton energy is fixed (monochromatic) and given by E! =
√

m2
! + p2

! =
m2

π+m2
"

2mπ
, p! = m2

π−m2
"

2mπ
. The part of the Fermi type effective Lagrangian which describes this decay reads

Leff,int = −
Gµ√

2
Vud (µ̄γα (1 − γ5) νµ) (ūγα (1 − γ5) d) + h.c.

where Gµ denotes the Fermi constant and Vud the first entry in the CKM matrix. For our purpose Vud ∼ 1.
The basic hadronic matrix element for pion decay is

〈

0| d̄ γµγ5 u |π(p)
〉 .

= iFπpµ which defines the pion
decay constant Fπ . The transition matrix–element for the process of our interest then reads

T = out< µ−, ν̄µ|π− >in= −i
Gµ√

2
Vud Fπ

(

ūµγ
α (1 − γ5) vνµ

)

pα .

Since the π+ has spin 0 and the emitted neutrino is left–handed ((1−γ5)/2 projector), by angular momentum
conservation, the µ+ must be left–handed as well. Only the axial part of the weak charged V − A current
couples to the pion, as it is a pseudoscalar state. In order to obtain the π− decay not only particles have to be
replaced by antiparticles (C) but also the helicities have to be reversed (P), since a left–handed antineutrino
(essentially) does not exist. Note that the decay is possible only due to the non–zero muon mass, which allows
for the necessary helicity flip of the muon. How the handedness is correlated with the charge is illustrated
in Fig. 1.

4 Only in recent years phenomenon of neutrino oscillations could be established unambiguously which proves that lepton
number in fact is not a perfectly conserved quantum number. Neutrino oscillations are possible only if neutrinos have masses
which requires that right–handed neutrinos (νR’s) exist. In fact, the smallness of the neutrino masses explains the strong
suppression of lepton number violating effects.
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Figure 3.2: Pion decay transition rate dependence on out-
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Figure 3.3: Helicity constraints in
pion decay.

This apparent discrepancy can be understood as a consequence of parity violation in the weak decay.
Applying Feynman’s rules to the diagrams in Figure 3.1 and utilizing Fermi’s Golden Rule yields a transition
rate

dΓ ∝ M 2 fπ2

π  hm3π
gw

4mW

4
ml
2 mπ

2 ml
2 2 (3.14)

where mW is the mass of the W , mπ is the mass of the pion, ml can be taken to be the mass of the muon or
electron, gw is the weak coupling constant, and fπ is a factor describing the coupling of the W to the pion.
The dependence on lepton mass in Equation 3.14 is plotted in Figure 3.2. Clearly the weak decay prefers a
more massive final state as long as it is not too close to the parent pion mass.

Another way to understand this phenomenon pictorially is shown in Figure 3.3 for the π . In the rest
frame of the pion, the anti-neutrino and the electron are emitted back-to-back. In the limit of massless
neutrinos, the anti-neutrino is always emitted with a right-handed helicity. Since the pion has zero spin,
to conserve total angular momentum the electron must also be right-handed. However, in the limit of a
massless electron, the 1 γ5 dependence at the weak vertex would also only couple to left-handed electrons.
In the weak decay, both the electron and the muon prefer to be left-handed. Since this option is essentially
vetoed by the nearly massless neutrino, the more massive muon is heavily favored by the weak decay.

The picture in Figure 3.3 is also useful in understanding how the polarized muon beam is produced.
In the center-of-mass frame of the negative pion, the µ is emitted with its spin parallel to its momentum.
Boosting the relativistic pion back into the lab frame results in a correlation between the muon momentum
and spin directions. The highest-momentum muons are produced when the muon is emitted in the same
direction that the pion is traveling, and by selecting these muons a longitudinally polarized beam is produced.

For a positive pion decay, the situation is reversed. The outgoing neutrino is left-handed, which forces
the µ to be left-handed also. A left-handed particle has its spin anti-parallel to its momentum vector.
Selecting the highest momentum decay muons now results in a beam with its polarization anti-aligned to
the momentum. For more discussion on parity violation in pion decay see [2], [72], or [73].
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Figure 3.4: Feynman diagram for muon
decay. h = −1

p
µν

sνµ

p
ν−e

−µ

sµ−

h = 1
sν−e

h = −1

p −

s −

e

e

Figure 3.5: Helicity constraints in muon decay when the neu-
trinos are emitted collaterally.

3.3 The polarimeter: muon decay

To determine aµ, the instantaneous muon spin direction relative to its momentum is required. Once again, it
is parity violation that solves the problem, only this time in the decay of the muon.

From the basic assumption of charge conservation, the final state of the muon decay must contain an
electron since it is the only known charged particle with a mass smaller than that of the muon. To conserve
momentum, a secondary particle is required, however, any attempt to introduce a solitary neutrino will result
in a violation of lepton number. Instead, two outgoing neutrinos are required, as shown in Figure 3.4.

In the rest frame of the muon, the highest-energy decay electrons come from decays in which the neu-
trinos are emitted collaterally, as depicted in Figure 3.5. In this scenario, half of the initial rest mass of the
muon is carried away by the decay electron (Emax 53 MeV), while the other 53 MeV is shared by the
two neutrinos. Since the neutrino and anti-neutrino are traveling in the same direction, and the weak decay
dictates they must have opposite helicities, their spins must be opposite. With the neutrino’s spins canceling,
conservation of angular momentum forces the decay electron to carry the spin of the parent muon.

So far we have shown that the highest-energy decay electrons carry the same spin as the muon, so one
could imagine building a polarimeter to measure the spin direction of the decay electron. However, even
that is not necessary. The V A nature of the weak decay prefers to couple to a left-handed electron, so
the high-energy decay electron depicted in Figure 3.5 tends to be emitted with its momentum opposite to its
spin. Therefore, in the rest frame of the muon, the spin direction of the muon can be monitored by observing
the instantaneous direction at which the high energy decay electrons are emitted.

The matrix element for muon decay can be constructed, and adopting the notation from Renton [73],
the differential decay rate can be written in terms of the fractional decay electron energy y E Emax

d3Γ
dy d cosθ dφ

1
4π

g4w
32M4

W

m5µ
192π3

n y 1 a y cosθ (3.15)

where cosθ is the angle between the muon’s spin direction and the decay electron’s momentum, and the

37

Highest energy electrons are 
emitted along (opposite)
direction of muon+(-) spin in 
muon rest frame
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How to measure aμ

Idea: Put polarized muons in a magnetic field and measure 
Larmor precession

12
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The first experiments for aμ
1957: Garwin, Lederman, Weinrich at Nevis (Just after 
Yang and Lee parity violation paper - confirmation)

13

gµ = 2.00± 0.10 muons behave
like electrons

Direct measurement of g -- asym vs field
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The first experiments for aμ

Such experiments continued at Nevis 
and CERN until 1965

Best measurement CERN I  (1965)

Just like the electron! 
Sensitive to 2nd order QED

Time for a new idea...

14

aµ = 0.001 162(5) (±4300 ppm)

The first CERN g-2 team: Sens, Charpak, Muller, 
Farley, Zichichi (CERN/1959)
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Storage rings enter the picture

15

Cyclotron frequency for 
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Thomas precession
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Difference of frequencies
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Figure 1.6: Illustration of the muon spin and momentum vectors for a muon orbiting in a magnetic field
when (a) g 2 and (b) g 2.

National Lab (BNL) experiment described in this thesis.
In the CERN I experiment, polarized muons were injected into a 6 m long magnet. Once in the 1.5 T

magnet, muons traveled horizontally in a spiraling orbit from one end of the magnet to the other, as shown
in Figure 1.7(a). This type of motion was created by carefully shimming the magnetic field to be parabolic
in the vertical direction

B y B0 1 ay by2 (1.29)

where B0 determined the average radius of the orbit, the strength of the gradient a caused each orbit to
advance along the magnet, and a non-zero coefficient b produced a quadratic field, which provided vertical
focusing. The step size of the orbital ’walking’ was gradually increased by increasing the a coefficient along
the length of the magnet. At the magnet exit, the gradient was large enough to allow the muons to escape
from the field. As the muons exited, they were stopped in a methylene-iodide target and the polarization was
determined by measuring the asymmetry of the decay electrons. The amount the muon spin had precessed
relative to the momentum was determined by the amount of time spent in the magnetic field, or in other
words the number of orbits. The number of orbits had a natural variance depending on the exact y-position
at which the muon entered the apparatus. Rather than relying on a forward and backward detector, each with
its own efficiency and characteristics, a pulsed magnetic field was used to alternately rotate the muon spin
by 90o prior to injection. The average asymmetry versus time is plotted in Figure 1.7(b). The data from
CERN I does not visually appear to be much more precise than the Garwin data shown in Figure 1.5(a),
however the CERN I experiment measures the anomaly directly. Therefore, the precision of 3 10 3 on aµ
achieved by the CERN I experiment

aexpµ 1965 0 001 162 5 4300 ppm (1.30)

12

!a = !s � !c = aµ
eB

mc

gµ = 2 gµ > 2

Another lucky break
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Improvements for free

Since                     measuring      gives you 
x1000 in precision over measuring g

We can avoid the uncertainty in muon mass with,

       is proton Larmor precession (can measure with NMR)
        is from hyperfine muonium structure (Hughes) 120 ppb
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aµ ⇡ gµ/800 !a

aµ =
R

��R
R = !a/!p, � = µµ/µp
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Second CERN experiment results (1968)
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aµ = 0.001 166 16(31), ±270 ppm

Sensitive to 3rd order QED and light-by-light scattering

(a) CERN II Setup (b) CERN II Data

e e

γ γ γ γ

e µ µ µ

e

µ µ µ µ µ µ µ

(c) 3rd order QED

Figure 1.8: (a) An overview of the CERN II experimental setup and (b) and the published data [40]. (c)
Feynmann diagrams used to calculate the third-order QED correction to aµ. The light-by-light diagram on
the far right was the original source of the discrepancy between theory and experiment.
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(a) CERN II Setup (b) CERN II Data

e e

γ γ γ γ

e µ µ µ

e

µ µ µ µ µ µ µ

(c) 3rd order QED

Figure 1.8: (a) An overview of the CERN II experimental setup and (b) and the published data [40]. (c)
Feynmann diagrams used to calculate the third-order QED correction to aµ. The light-by-light diagram on
the far right was the original source of the discrepancy between theory and experiment.
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p⇡ = 1.27 GeV/c

B = 1.7 T

130 μs of wiggles

N(t) = N0e
�t/⌧

[1 +A cos(!at+ �)]

Electrons go 
inward to detectors

Positrons over threshold
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A miracle happens here

How to keep the muons vertically confined?
2nd CERN used radial variation in B field (big systematic)

Use electrostatic focusing quadrupoles - but adds complications

19
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A miracle happens here

How to keep the muons vertically confined?
2nd CERN used radial variation in B field (big systematic)

Use electrostatic quadrupoles - but adds complications

If we choose
then coefficient disappears! The MAGIC momentum!

So we can worry less about the electric field (but still will need 
corrections)
Had aμ been, say 100x smaller, would need p ~ 30 GeV/c

20
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An improved CERN experiment (’69-79)

Observe 

Fractional uncertainty is

Increase momentum to magic (dilates lifetime to 64 μs)
Increase B field, N
Improved λ (13 ppm to 2.6 ppm)

Target outside of ring - inject pions - better polarization

21
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Third CERN Experiment (1979)
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(a) CERN III Setup

(b) CERN III Data

γ

µ µ

h

(c) Hadronic diagram

Figure 1.9: (a) An overview of the CERN III apparatus and (b) the published data [49]. (c) Feynmann dia-
gram depicting the contribution to aµ from hadronic vacuum polarization that was first probed by CERN III.
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(a) CERN III Setup

(b) CERN III Data

γ

µ µ

h

(c) Hadronic diagram

Figure 1.9: (a) An overview of the CERN III apparatus and (b) the published data [49]. (c) Feynmann dia-
gram depicting the contribution to aµ from hadronic vacuum polarization that was first probed by CERN III.
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> 500 μs

aµ = 0.001 165 924(8.5), ±7 ppm

Sensitive to hadronic vacuum polarization (adv. muons!)
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Third CERN g-2 Experiment
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Setting the stage for Brookhaven E821

In 1984, QED was calculated to fourth order
Hadronic uncertainties were greatly reduced
Time for new experiment at Brookhaven at the AGS at sub ppm

24

Figure 1.10: A picture from 1984 showing the attendees of the first collaboration meeting to develop the
BNL g-2 experiment. Standing from left: Gordon Danby, John Field, Francis Farley, Emilio Picasso, and
Frank Krienen. Kneeling from left: John Bailey, Vernon Hughes and Fred Combley.
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Improvements:
Much higher intensity

3 superconducting coils

Circular aperature

Inject muons into ring with
inflector and kicker

in-situ B measurements with NMR 
probes

15 years until first pub in 1999
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Brookhaven E821 g-2 Experiment
Steps of the experiment for measuring____        

Inject muons into the storage ring

Measure ωa  and determine corrections

Measure ωp

Get λ from friends

Determine systematics

Think about the next experiment
25

aµ =
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R = !a/!p, � = µµ/µp
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Experiment in cartoons
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π+
Storage

Ring

Protons
from AGS

Target

Pions
p=3.1 GeV

π+ → µ+νµ

Inflector

Polarized Muons
Injection Point

Kicker
Modules

Injection Orbit

Storage Ring Orbit

νµ µ+

⇒ ⇐ spin
momentum

In Pion Rest Frame

“Forward” Decay Muons
are highly polarized

Fig. 4. The schematics of muon injection and storage in the g − 2 ring.

magnetic field !B where they travel in a circle. The ring 5 is a toroid–shaped structure with a diameter of 14
meters, the aperture of the beam pipe is 90 mm, the field is 1.45 Tesla and the momentum of the muon is
pµ = 3.094 GeV. In the horizontal plane of the orbit the muons execute a relativistic cyclotron motion with
angular frequency ωc. By the motion of the muon magnetic moment in the homogeneous magnetic field the
spin axis is changed in a particular way as described by the Larmor precession. After each circle the muon’s
spin axis changes by 12’ (arc seconds), while the muon is traveling at the same momentum (see Fig. 3). The
muon spin is precessing with angular frequency ωs, which is slightly bigger than ωc by the difference angular
frequency ωa = ωs − ωc.

ωc =
eB

mµ γ
, ωs =

eB

mµ γ
+ aµ

eB

mµ
, ωa = aµ

eB

mµ
, (23)

where γ = 1/
√

1 − v2 is the relativistic Lorentz factor and v the muon velocity. In the experiment ωa and
B are measured. The muon mass mµ is obtained from an independent experiment on muonium, which is a
(µ+e−) bound system. Note that if the muon would just have its Dirac magnetic moment g = 2 (tree level)
the direction of the spin of the muon would not change at all.

In order to retain the muons in the ring an electrostatic focusing system is needed. Thus in addition to the
magnetic field !B an electric quadrupole field !E in the plane normal to the particle orbit must be applied.
This transversal electric field changes the angular frequency according to

!ωa =
e

mµ

(

aµ
!B −

[

aµ − 1

γ2 − 1

]

!v × !E

)

. (24)

This key formula for measuring aµ was found by Bargmann, Michel and Telegdi in 1959 [70,96]. Interestingly,
one has the possibility to choose γ such that aµ − 1/(γ2 − 1) = 0, in which case ωa becomes independent of
!E. This is the so–called magic γ. When running at the corresponding magic energy, the muons are highly
relativistic, the magic γ-factor being γ =

√

1 + 1/aµ = 29.3. The muons thus travel almost at the speed
of light with energies of about Emagic = γmµ ' 3.098 GeV. This rather high energy, which is dictated by
the requirement to minimize the precession frequency shift caused by the electric quadrupole superimposed
upon the uniform magnetic field, also leads to a large time dilatation. The lifetime of a muon at rest is
2.19711 µs, while in the ring it is 64.435 µs (theory) [64.378 µs (experiment)]). Thus, with their lifetime
being much larger than at rest, muons are circling in the ring many times before they decay into a positron

5 A picture of the BNL muon storage ring may be found on the Muon g−2 Collaboration Web Page http://www.g-2.bnl.gov/
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Fig. 5. Decay of µ+ and detection of the emitted e+ (PMT=Photomultiplier).

plus two neutrinos: µ+ → e+ + νe + ν̄µ. In this decay we have the necessary strong correlation between the
muon spin direction and the direction of emission of the positrons. The differential decay rate for the muon
in the rest frame is given by Eq. (12) which may be written as

dΓ = N(Ee)

(

1 +
1 − 2xe

3 − 2xe
cos θ

)

dΩ . (25)

Again, Ee is the positron energy, xe is Ee in units of the maximum energy mµ/2, N(Ee) is a normalization
factor and θ the angle between the positron momentum in the muon rest frame and the muon spin direction.
The µ+ decay spectrum is peaked strongly for small θ due to the non–vanishing coefficient of cos θ

A(Ee)
.
=

1 − 2xe

3 − 2xe
, (26)

the asymmetry factor which reflects the parity violation.
The positron is emitted with high probability along the spin axis of the muon as illustrated in Fig. 5.

The decay positrons are detected by 24 calorimeters evenly distributed inside the muon storage ring. These
counters measure the positron energy and allow to determine the direction of the muon spin. A precession
frequency dependent rate is obtained actually only if positrons above a certain energy are selected (forward
decay positrons). The number of decay positrons with energy greater than E emitted at time t after muons
are injected into the storage ring is given by

N(t) = N0(E) exp

(
−t

γτµ

)

[1 + A(E) sin(ωat + φ(E))] , (27)

where N0(E) is a normalization factor, τµ the muon life time (in the muon rest frame), and A(E) is the
asymmetry factor for positrons of energy greater than E. Fig. 6 shows a typical example for the time
structure detected in the BNL experiment. As expected the exponential decay law for the decaying muons is
modulated by the g − 2 angular frequency. In this way the angular frequency ωa is neatly determined from
the time distribution of the decay positrons observed with the electromagnetic calorimeters [12]–[16].

The second quantity which has to be measured very precisely in the experiment is the magnetic field. This
is accomplished by Nuclear Magnetic Resonance (NMR) using a standard probe of H2O [97]. This standard
can be related to the magnetic moment of a free proton by

15

Jegerlehner & Nyffeler, Phys. Rept. 477 (2009) 1-110,  arXiv:0902.3360v1

3 data runs (# e+’s)
1999 (950M),
2000 (4000M), 
2001 (3600M e-)
8550M events total

http://arxiv.org/abs/0902.3360v1
http://arxiv.org/abs/0902.3360v1
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Injection into the storage ring
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Muon g-2: Review of Theory and Experiment 17

(AGS). Radio-frequency cavities in the AGS ring provide acceleration to a momentum

of 24 GeV/c, and maintain the protons in a number of discrete, equally spaced bunches.

The number of bunches (harmonic number) in the AGS during a 2.7 s acceleration cycle

was different for each of these periods: eight in 1999, six in 2000 and twelve in 2001.

The AGS has the ability to deliver up to 70 × 1012 protons (70 Tp) in one AGS cycle,

providing a proton intensity per hour 180 times greater than that available at CERN in
the 1970s.
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Figure 4. The E821 beamline and storage ring. Pions produced at 0◦ are collected
by the quadrupoles Q1-Q2 and the momentum is selected by the collimators K1-K2.
The pion decay channel is 72 m in length. Forward muons at the magic momentum
are selected by the collimators K3-K4.

The proton beam is extracted from the AGS one bunch at a time at 33 ms intervals.

Each proton bunch results in a narrow time bunch of muons which is injected into

the storage ring, and then the electrons from muon decays are measured for about

10 muon lifetimes, or about 640 µs. A plan view of the Brookhaven Alternating

Gradient Synchrotron, injection line and storage ring are shown in Figure 4. Because

the maximum total intensity available from the AGS is ≤ 70 Tp, the bunch intensity and
the resulting pile-up (accidental coincidences between two electrons) in the detectors is

minimized by maximizing the number of proton bunches. Pulse pile-up in the detectors

following injection into the storage ring is one of the systematic issues requiring careful

study in the data analysis.

30 Nov 2011 - Chris Polly - Fermilab 22  

Measure aμ in 3 easy steps

Step 1:
Inject muons

BNL E821 Storage Ring

88m

FIG. 4: The inflector/storage ring geometry. The downstream end of the inflector is shown, with

the beam channel to the left of the storage region (larger radius). The ring center is to the right.

Note the limited space between the pole pieces, which has to contain the inflector and its cryostat

along with the beam vacuum chamber. The current in the inflector flows into the page in the “C”

shaped arrangement of conductors just to the left of the beam channel, and out of the page in

the conductors that form a backward “D”. The superconductor crosses over the beam channel to

connect the two coils.

storage-ring center.

Placing the inflector cryostat in the limited space between the muon storage region and

the outer main magnet coil restricted the inflector aperture size to 18(w) mm × 56(h) mm,

which is significantly smaller than the 90 mm diameter storage ring aperture. The small size

limits the flux of incoming muons and introduces a mismatch in phase space with respect

to the storage ring. Figure 5 shows the vertical and horizontal muon beam phase space

(y, y′ and x, x′) as simulated for the exit of the inflector. Superimposed on the figures are

the storage ring acceptance ellipses. The muons undergo betatron harmonic motion in the

storage ring, following elliptical paths about the origin in phase space.

The precision magnetic field in the storage region is protected from the small leakage flux

from the end of the inflector by means of a passive superconducting shield. The inflector is

16

23’ 4”

Shim plateThrough bolt

Iron yoke

slot
Outer coil

Spacer Plates

1570 mm

544 mm

Inner upper coil

Poles

Inner lower coil

To ring center

Muon beam

Upper push−rod

1394 mm

360 mm

FIG. 7: Cross sectional view of the “C” magnet.

largest of the resulting multipoles, a 2 percent 20-pole component (at the circular edge of

the storage region), would not cause problems with muon losses or beam instabilities at the

chosen values of the field indices. The scalloped vacuum chamber introduces small 6- and

10-pole multipoles into the field shape.

The quadrupoles are charged for ≤ 1.4 ms of data taking during each fill of the ring.

Cycling the quadrupoles prevents the excessive buildup of electrons around the electrodes,

electrons which are produced by field emission and gas ionization and subsequently trapped

in the electric and magnetic fields near the quadrupoles. Trapping was particularly severe

during the R01 running period when negative muons were injected into the ring. The con-

tinuous motion of the electrons—cyclotron motion in the dipole magnetic field, magnetron

motion along !E × !B, and axial oscillations along the vertical axis—ionizes the residual gas

and eventually produces a spark, which discharges the plates.

Slight modifications of the magnetron motion were used to quench the electron trapping.

In the original design, electrons undergoing magnetron motion were trapped in horizontal

21
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The storage ring
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Fisheye lens
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Measuring ωa 
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Figure 16 Top view of the scalloped vacuum chamber and the location of the
calorimeter. A decay positron curls to the inside of the ring and exits the vacuum
chamber nearly orthogonal to the wall.

changes the extracted value of ωa . A time shift "T directly changes the fitted
frequency. The stability conditions that ensure a shift of less than 0.1 ppm to ωa

are "G < 0.2% and "T < 20 ps over 200 µs. The instantaneous event rate of
a few megahertz drops by almost five orders of magnitude during the 600 µs
measuring period; thus, any rate-dependent detector or readout response changes
must be accurately known. Further complicating the design, the voltage dividers
of the photomultiplier tubes must be gated off during injection and switched back
on after injection because of the very large number of lost particles at injection.

Two low-energy electrons, arriving close together in time, can be interpreted
as one equivalent high-energy electron, a type of “pileup” event. Because the low-
energy electrons have a shorter path to the detector than do higher-energy electrons,
there is a natural phase difference versus energy inherent in the data. Unaccounted
for, the ratio of fake to real high-energy electrons changes with time, having a
time dependence of ∼e−2t/γ τ ; that is, their rate falls twice as fast as the muon
population decays. To minimize pileup, the calorimeter response and the readout
system must be fast (a few nanoseconds) to enable the distinction between pulses
that nearly coincide. This information should also provide a mechanism to correct
the data, on average, by removing the pileup events.

The calorimeter energy resolution must be moderately good near 1.9 GeV to
provide adequate energy discrimination. However, the calorimeter also must be
compact to avoid a preponderance of electrons striking the side face. Usually higher
density implies lower resolution.

We achieved these goals by using a compact lead-scintillating fiber calorimeter
(see Figure 17) with a fractional energy resolution of ≈7% at Ee = 1.9 GeV
(30). Its 13 X0 depth of 15 cm (X0 = radiation length) is adequate to contain
electromagnetic showers up to 3 GeV. The good resolution is preserved because
the scallop shape in the storage ring vacuum chamber is effective in reducing the
preshowering of electrons as they exit the chamber (see Figure 16).

Each calorimeter is viewed by four photomultiplier tubes, whose summed signal
is recorded by a 400 MHz waveform digitizer. When the roughly 1 GeV hardware

14/369/23/10B. Casey,  UD0

Positron countingPositron counting
single muon bunch injected into ring, 

stored for 700 Ps

lower momentum positrons swept 
inward by B field and detected in 24 

calorimeter stations

entire fill digitized.  Offline algorithms 
extract positron signals (particularly pileup)

Muon g-2: Review of Theory and Experiment 24

1
2

3

4

5

6

7

8

9

10

11
1213

14

15

16

17

18

19

20

21

22

23
24

2
12

1

2
1

2
1

2
1180  Fibermonitor

garageTrolley

chambers
Traceback

270  Fiber
monitor

K1

K2

K3

Q1

C

C

Inflector
C

Calibration
NMR probe

C

C
C

C

Q4

C
Q2

Q3

Figure 10. The layout of the storage ring, as seen from above, showing the location
of the inflector, the kicker sections (labeled K1-K3), and the quadrupoles (labeled Q1-
Q4). The beam circulates in a clockwise direction. Also shown are the collimators,
which are labeled “C”, or “ 1

2C” indicating whether the Cu collimator covers the full
aperture, or half the aperture. The collimators are rings with inner radius: 45 mm,
outer radius: 55 mm, thickness: 3 mm. The scalloped vacuum chamber consists of 12
sections joined by bellows. The chambers containing the inflector, the NMR trolley
garage, and the trolley drive mechanism are special chambers. The other chambers
are standard, with either quadrupole or kicker assemblies installed inside. An electron
calorimeter is placed behind each of the radial windows, at the postion indicated by
the calorimeter number.

µ−, this was not true; the trapped electrons necessitated an order of magnitude better

vacuum, and limited the storage time to less than 700 µs.

Beam losses during the measurement period, which could distort the expected time

spectrum of decay electrons, had to be minimized. Beam scraping is used to remove,

just after injection, those muons which would likely be lost later on. To this end,
the quadrupoles are initially powered asymmetrically, and then brought to their final

symmetric voltage configuration. The asymmetric voltages lower the beam and move it

sideways in the storage ring. Particles whose trajectories reach too near the boundaries

of the storage volume (defined by collimators placed at the ends of the quadrupole

sectors) are lost. The scraping time was 17 µs during all data collection runs except

2001, where 7 µs was used. The muon loss rates without scraping were on the order of
0.6% per lifetime at late times in a fill, which dropped to ∼ 0.2% with scraping.

2.5. The Superconducting Storage Ring

The storage ring magnet combined with the electrostatic quadrupoles form a Penning

trap that, while very different in scale, has common features with the electron g-value

25 Oct 2004 20:2 AR AR228-NS54-06.tex AR228-NS54-06.Sgm LaTeX2e(2002/01/18) P1: JRX

156 HERTZOG ! MORSE

Figure 10 Time histogram from one calorimeter showing the fast rotation of the
beam from 10 to 20 µs after muon injection. The rapid oscillation is the beam-bunch
cyclotron frequency; the slow undulation is the (g − 2) frequency.

Larmor precession of the electrons in the external magnetic field, has been mea-
sured to be σ = 25.790(14) ppm at 34.7◦C. The temperature dependence is 0.01036
(30) ppm/◦C. The temperature of the probe was measured to ±1◦C and the correc-
tion was made. The measurement of the magnetic field was accomplished in the
following manner:

! During the muon runs, 360 “fixed” NMR probes were read out at a rate of
#2 Hz. They are embedded in machined grooves in the upper and lower
plates of the aluminum vacuum chamber and consequently measure the field
just outside of the actual storage volume. About 150 probes, those with the
most reliable signals, are used in the offline analysis.

Figure 11 Fourier analysis of the time histogram from one muon decay detector
gives the distribution of cyclotron frequencies for the ensemble of muons. Because the
magnetic field is accurately known, this distribution can be plotted as a function of xe,
the equilibrium radius with respect to the equilibrium radius of a muon with the magic
momentum.

One calorimeter

!c

Debunching

E > 1.8 GeV
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Measuring ωa 
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Frequency measurementFrequency measurement
spin leads momentum due to precession, positron trajectory follows spin
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Measuring ωp - Measuring the B field
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Absolute Calibration Probe: 
 a Spherical Water Sample 

Electronics, 
Computer &  
Communication 

Position of 
NMR Probes 

Fixed Probes in the  
walls of the vacuum tank 

Trolley with matrix of 17 NMR Probes 

360 fixed
probes, 
150 most
reliable

In vacuum, 6000 azimuthal measurements, 
Calibrated against plunging probe
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Measuring ωp  - Shimming the field
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1999  

2000 

2001 

shimming shimming 

At this level, one 
hardly needs to know 
the muon distribution  

1ppm contours are 
avg of B over 2π
in muon storage
region 10cm x 10cm
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Measuring ωp

Blind analysis with 
separate groups (no 
oneperson knows both 
ωa and ωp)

Led by Hughes at LAMPF
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Total 0.28 ppm systematic

æsyst !p 1999 2000 2001 æsyst !a 1999 2000 2001

(ppm) (ppm) (ppm) (ppm) (ppm) (ppm)

Inflector fringe field 0.20 - - Pile-Up 0.13 0.13 0.08

Calib. of trolley probes 0.20 0.15 0.09 AGS background 0.10 0.01 ‡
Tracking B with time 0.15 0.10 0.07 Lost muons 0.10 0.10 0.09

Measurement of B0 0.10 0.10 0.05 Timing shifts 0.10 0.02 ‡
µ-distribution 0.12 0.03 0.03 E-field/pitch 0.08 0.03 ‡
Absolute calibration 0.05 0.05 0.05 Fitting/binning 0.07 0.06 ‡
Others† 0.15 0.10 0.07 CBO 0.05 0.21 0.07

Beam debunching 0.04 0.04 ‡
Gain changes 0.02 0.13 0.12

Total for !p 0.4 0.24 0.17 Total for !a 0.3 0.31 0.21

TABLE V: Systematic Errors from the E821 running periods in 1999, 2000 and 2001 [24–26]. CBO

stands for coherent betatron oscillations. The pitch correction comes from the vertical betatron

oscillations, since ~Ø · ~B 6= 0. The E-field correction is for the radial electric field seen by muons

with pµ 6= pmagic.

†Higher multipoles, the trolley frequency, temperature, and voltage response, eddy currents from

the kickers, and time-varying stray fields

‡In 2001 AGS background, timing shifts, E field and vertical oscillations, beam debunch-

ing/randomization, binning and fitting procedure together equaled 0.11 ppm

27
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Brookhaven E821 Results

            0.46 ppm statistics, 0.28 ppm systematic  
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PRD 73, 072003 (2006)

aexpµ = 116 592 089(63)⇥ 10�11 (0.54 ppm)

gexpµ = 2.002 331 841 78(126)

The two uncertainties given are the statistical and the systematic ones. The total error in square brackets
follows by adding in quadrature the statistical and systematic errors. In Table 1 all results from CERN
and E821 are collected. The new average is completely dominated by the BNL results. The individual
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Fig. 7. Results for the individual E821 measurements, together with the new world average and the theoretical prediction. The
CERN result is shown together with the theoretical prediction by Kinoshita et al. 1985, at about the time when the E821
project was proposed.The dotted vertical bars indicate the theory values quoted by the experiments.

measurements are shown also in Fig. 7. The comparison with the theoretical result including predictions
from SM extensions will be discussed later in Sect. 7. In the following sections we first review the SM
prediction of aµ.

3. QED Prediction of g − 2

Any precise theoretical prediction requires a precise knowledge of the fundamental parameters. In QED
these are the fine structure constant α and the lepton masses. As the leading order result is α

2π and since
we want to determine a# with very high precision, the most important basic parameter for calculating aµ is
the fine structure constant. Its most precise value is determined using of the electron anomalous magnetic
moment

aexp
e = 0.001 159 652 180 73(28)[0.24 ppb] , (42)

which very recently [105,106] has been obtained with extreme precision. Confronting the experimental value
with the theoretical prediction as a series in α (see Sect. 3.2 below) determines [107,108,106]

α−1(ae) = 137.035999084(51)[0.37 ppb] . (43)

This new value has an uncertainty 20 times smaller than any preceding independent determination of α and
we will use it throughout in the calculation of aµ.

Starting at 2–loops, higher order corrections include contributions from lepton loops in which different
leptons can circulate and results depend on the corresponding mass ratios. Whenever needed, we will use
the following values for the muon–electron and muon–tau mass ratios, and lepton masses [37,38,103,104]

mµ/me = 206.768 2838 (54) , mµ/mτ = 0.059 4592 (97) ,

me = 0.510 9989 918(44)MeV , mµ = 105.658 3692 (94)MeV , mτ = 1776.99 (29)MeV .
(44)
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A Job Well Done
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Comparing to Theory
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athµ = aQED
µ + ahadµ + aweak

µ + a???µ
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1st order QED

Lowest order QED is

38

athµ = aQED
µ + ahadµ + aweak

µ + a???µ

aexpµ = 0.00 116 592 089(63)

aLO QED
µ = 0.00 118

aLO QED
µ = ↵/2⇡ = 0.00118

�µ

⇥

µ

�
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QED contributions

QED corrections computed to           including 10th order 
term (12,672 diagrams contribute)

T. Kinoshita
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O(↵4)

a) b) c)

Fig. 14. Light–by–light scattering insertions in the electromagnetic vertex.

that closed fermion loops with three photons vanish by Furry’s theorem. Again, besides the equal mass case
mloop = mµ there are two different regimes for electron and tau loops [142,143], respectively:
• Light internal masses also in this case give rise to potentially large logarithms of mass ratios which get
singular in the limit mlight → 0

e
a(6)

µ (lbl, e) =

[
2

3
π2 ln

mµ

me
+

59

270
π4 − 3 ζ(3)

−10

3
π2 +

2

3
+ O

(
me

mµ
ln

mµ

me

)]
(α

π

)3
.γ’s

µ

γ

This again is a light loop which yields an unexpectedly large contribution

a(6)
µ (lbl, e) # 20.947 924 89(16)

(α

π

)3
= 2.625 351 02(2)× 10−7 , (81)

with the error from the (me/mµ) mass ratio. Historically, it was calculated first numerically by Aldins et
al. [69], after a 1.7 σ discrepancy with the CERN measurement [67] in 1968 showed up.

Again, for comparison we also consider the
• equal internal masses case, which yields a pure number

µ
a(6)

µ (lbl, µ) =

[
5

6
ζ(5) − 5

18
π2 ζ(3) − 41

540
π4 − 2

3
π2 ln2 2

+
2

3
ln4 2 + 16a4 −

4

3
ζ(3) − 24π2 ln 2 +

931

54
π2 +

5

9

]
(α

π

)3
,γ’s

µ

γ

and has been included in the universal part Eq. (51) already. The constant a4 is defined in Eq. (A.14). The
single scale QED contribution is much smaller

a(6)
µ (lbl, µ) # 0.371005293

(α

π

)3
= 4.64971652× 10−9 , (82)

but is still a substantial contributions at the required level of accuracy.
• Heavy internal masses again decouple in the limit mheavy → ∞ and thus only yield small power corrections

τ
a(6)

µ (lbl, τ) =

[
[
3

2
ζ(3) −

19

16

](
mµ

mτ

)2

+ O

(

m4
µ

m4
τ

ln2 mτ

mµ

)]
(α

π

)3
.

γ’s
µ

γ

Numerically we obtain

a(6)
µ (lbl, τ) # 0.002 142 83(69)

(α

π

)3
= 2.685 56(86)× 10−11 . (83)

This contribution could play a role for a next generation precision experiment only. The error indicated is
from the (mµ/mτ ) mass ratio.

All other corrections follow from Fig. 10 by replacing at least one muon in a loop by another lepton or
quark. The corresponding mass dependent corrections are of particular interest because the light electron

32

Figure 9: Overview of 389 diagrams contributing to Set V.

17

loops yield contributions which are enhanced by large logarithms. Results for A(6)
2 have been obtained

in [138,139,141,142,143], for A(6)
3 in [140,137,144,145,120]. For the light–by–light contribution, graphs 1) to

6) of Fig. 10, the exact analytic result is known [142], but only the much simpler asymptotic expansions
have been published. At present the following series expansions are sufficient to match the requirement of
the precision needed: for electron LbL loops we have

A(6)
2 lbl(mµ/me) =

2

3
π2 ln

mµ

me
+

59

270
π4 − 3ζ(3) − 10

3
π2 +

2

3

+

(
me

mµ

) [
4

3
π2 ln

mµ

me
− 196

3
π2 ln 2 +

424

9
π2

]

+

(
me

mµ

)2 [

− 2

3
ln3 mµ

me
+

(
π2

9
− 20

3

)

ln2 mµ

me
−
(

16

135
π4 + 4ζ(3) − 32

9
π2 +

61

3

)

ln
mµ

me

+
4

3
π2ζ(3) − 61

270
π4 + 3 ζ(3) +

25

18
π2 − 283

12

]

+

(
me

mµ

)3 [10

9
π2 ln

mµ

me
−

11

9
π2

]

+

(
me

mµ

)4 [7

9
ln3 mµ

me
+

41

18
ln2 mµ

me
+

(
13

9
π2 +

517

108

)

ln
mµ

me
+

1

2
ζ(3) +

191

216
π2 +

13283

2592

]

+ O
(

(me/mµ)5
)

= 20.947 924 89(16) , (84)

where here and in the following we use me/mµ as given in Eq. (44). The leading term in the (me/mµ)
expansion turns out to be surprisingly large. It has been calculated first in [154]. Prior to the exact calculation
in [142] good numerical estimates 20.9471(29) [155] and 20.9469(18) [156] have been available. For τ LbL
loops one obtains

A(6)
2 lbl(mµ/mτ ) =

m2
µ

m2
τ

[
3

2
ζ3 −

19

16

]

+
m4

µ

m4
τ

[
13

18
ζ3 −

161

1620
ζ2 −

831931

972000
− 161

3240
L2 − 16189

97200
L

]

+
m6

µ

m6
τ

[
17

36
ζ3 −

13

224
ζ2 −

1840256147

3556224000
− 4381

120960
L2 − 24761

317520
L

]

+
m8

µ

m8
τ

[
7

20
ζ3 −

2047

54000
ζ2 −

453410778211

1200225600000
− 5207

189000
L2 − 41940853

952560000
L

]

+
m10

µ

m10
τ

[
5

18
ζ3 −

1187

44550
ζ2 −

86251554753071

287550049248000
− 328337

14968800
L2 − 640572781

23051952000
L

]

+O
(

(mµ/mτ )12
)

= 0.002 142 833(691) , (85)

where L = ln(m2
τ/m2

µ), ζ2 = ζ(2) = π2/6 and ζ3 = ζ(3). The expansion given in [142] in place of the exact
formula has been extended in [143] with the result presented here.

Vacuum polarization insertions contributing to a(6) may origin from one or two internal closed fermion
loops. The vacuum polarization insertions into photon lines again yield mass dependent effects if one or
two of the µ loops of the universal contributions are replaced by an electron or a τ . Here we first give the

numerical results for the coefficients of
(

α
π

)3
[141,144,145]:

A(6)
µ (vap, e) = 1.920 455 130(33) ,

A(6)
µ (vap, τ) = −0.001 782 33(48) ,

A(6)
µ (vap, e, τ) = 0.000 527 66(17) .

$2$1
µ

γ
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aexpµ = 0.00 116 592 089(63)

aQED

µ = 0.00 116 584 718 09(15)

athµ = aQED
µ + ahadµ + aweak

µ + a???µ
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Hadronic contributions

Hadronic contribution has the largest uncertainty
Three parts: 1st & 2nd = HVP(LO) & HVP(NLO)
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athµ = aQED
µ + ahadµ + aweak

µ + a???µ
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Figure 4 The lowest-order
hadronic contribution.

correlator, the contribution of the hadronic vacuum polarization to aµ can be cal-
culated via the dispersion integral (23)

ahad,LO
µ = α2(0)

3π2

∞∫

4m2
π

ds
K (s)

s
R(s), 19.

where K (s) is the QED kernel (24),

K (s) = x2
(

1 − x2

2

)
+ (1 + x)2

(
1 + 1

x2

) (
ln (1 + x) − x + x2

2

)

+ (1 + x)
(1 − x)

x2 ln x, 20.

with x = (1 − βµ)/(1 + βµ) and βµ = (1 − 4m2
µ/s)1/2. In Equation 19, R(s) ≡

R(0)(s) denotes the ratio of the “bare” cross section for e+e− annihilation into
hadrons to the lowest-order muon-pair-production cross section. The “bare” cross
section is defined as the measured cross section, corrected for initial-state radiation,
electron-vertex loop contributions, and vacuum polarization effects in the photon
propagator. The reason for using the “bare” (i.e., lowest-order) cross section is that
a full treatment of higher orders is needed anyhow at the level of aµ, so the use
of “dressed” cross sections would entail the risk of double-counting some of the
higher-order contributions, or in some cases might actually incorrectly evaluate
some of the higher-order contributions.

The function K (s) decreases monotonically with increasing s. It gives a strong
weight to the low-energy part of the integral in Equation 19. About 91% of the
total contribution to ahad,LO

µ is accumulated at center-of-mass energies
√

s below
1.8 GeV, and 73% of ahad,LO

µ is covered by the two-pion final state, which is
dominated by the ρ(770) resonance.
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R(s) input to HVP(LO)
Requires precision
A whole industry built to measure R 

41

e+e� ! hadrons

M. Davier ICFA 2011
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R(s) input to HVP(LO)

Requires precision
BABAR:

42

e+e� ! hadrons

6

trum, after the latter is corrected using data for all known
detector and reconstruction di!erences. The generator is
also corrected for its known NLO de"ciencies using the
comparison to PHOKHARA . The ratio is consistent with
unity from threshold to 3 GeV /c 2 , (Fig. 1 (a)). A "t to a
constant value yields ( χ 2/n df = 55 .4/ 54; ndf =number of
degrees o! reedom)

σdata
µµγ ( γ )

σNLO QED
µµγ ( γ )

− 1 = (40 ± 20 ± 55 ± 94) × 10− 4 , (2)

where the errors are statistical, systematic from this anal -
ysis, and systematic from L ee , respectively. The QED
test is thus satis"ed within an overall accuracy of 1.1%.
To correct for resolution and FSR e!ects, an unfold-

ing of the background-subtracted and e#ciency-corrected
mππ distribution is performed. A separate mass-transfer
matrix is created using simulation for the ρ central and
tail regions; this provides the probability that an event
generated in a

√
s interval i is reconstructed in a mππ

interval j . The matrix is corrected using data to account
for the larger rate of events with poorer mass resolution.
Performance and robustness of the unfolding method [17]
have been assessed using test models. For the 2-MeV
intervals, the signi"cant elements of the resulting covari -
ance matrix lie near the diagonal over a typical range of
6 − 8MeV, which corresponds to the energy resolution.

The results for the e+ e− π+ π− (γ ) bare cross sec-
tion [18] including FSR, σ0

ππ ( γ ) (
√
s ), are given in Fig. 1

(b). Prominent features are the dominant ρ resonance,
the abrupt drop at 0 .78 GeV due to ρ− ω interference, a
clear dip at 1 .6 GeV resulting from higher ρ state inter-
ference, and additional structure near 2 .2 GeV. System-
atic uncertainties are estimated from the precision of the
data-MC comparisons and from the measurement proce-
dures used for the various e#ciencies. They are reported

TABLE I: Relative systematic uncertainties (in 10 − 3 ) on the
e+ e− π+ π− (γ ) cross section by

√
s intervals (in GeV) up

to 1.2 GeV. The statistical part of the e!ciency uncertainties
is included in the total statistical uncertainty in each int erval.

Source of CM Energy Interval (GeV)
Uncertainty 0.3-0.4 0.4-0.5 0.5-0.6 0.6-0.9 0.9-1.2
trigger/ "lter 5.3 2.7 1.9 1.0 0.5

tracking 3.8 2.1 2.1 1.1 1.7
π-ID 10.1 2.5 6.2 2.4 4.2

background 3.5 4.3 5.2 1.0 3.0
acceptance 1.6 1.6 1.0 1.0 1.6

kinematic "t ( χ 2 ) 0.9 0.9 0.3 0.3 0.9
correlated µµ ID loss 3.0 2.0 3.0 1.3 2.0
ππ/µµ non-cancel. 2.7 1.4 1.6 1.1 1.3

unfolding 1.0 2.7 2.7 1.0 1.3
ISR luminosity ( µµ ) 3.4 3.4 3.4 3.4 3.4
total uncertainty 13.8 8.1 10.2 5.0 6.5
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FIG. 1: (a) The ratio of the measured cross section for
e+ e− µ+ µ− γ (γ ) to the NLO QED prediction. The
band represents Eq. (2). (b) The measured cross section for
e+ e− π+ π− (γ ) from 0.3 to 3GeV. (c) Enlarged view of the
ρ region in energy intervals of 2 MeV. The errors are from the
combined diagonal elements of the statistical and systemat ic
covariance matrices.

in Table I for 0 .3 <
√
s < 1.2 GeV. Although larger

outside this range, the systematic uncertainties do not
exceed statistical errors over the full spectrum for the
chosen energy intervals.
The lowest-order contribution of the ππ(γ ) intermedi-

ate state to the muon magnetic anomaly is given by

aππ ( γ ) ,LO
µ =

1
4π3

∞

4m 2
π

ds K (s ) σ0
ππ ( γ ) (s ) , (3)

where K (s ) is a known kernel [19]. The integration uses
the measured cross section and the errors are computed
using the full statistical and systematic covariance ma-
trices. The systematic uncertainties for each source are
taken to be fully correlated over all mass regions. The
integrated result from threshold to 1 .8 GeV is

aππ ( γ ) ,LO
µ = (514 .1 ± 2.2 ± 3.1) × 10− 10 , (4)

where the errors are statistical and systematic. This
value is larger than that from a combination of previ-
ous e+ e− data [5] (503 .5± 3.5), but is in good agreement
with the updated value from τ decay [5] (515.2 ± 3.4).
In summary, the cross section for the process e+ e−

π+ π− (γ ) has been measured in the energy range from 0.3
to 3 GeV, using the ISR method. The result for the ππ
hadronic contribution to aµ has a precision comparable
to that of the combined value from existing e+ e− experi-
ments. However, the BABAR central value is larger, which
reduces the deviation of the direct aµ measurement from
the Standard Model prediction.
We are grateful for the excellent luminosity and ma-

chine conditions provided by our PEP-II colleagues, and

e+e– → π+π–(γ) 

e+e– → µ+µ–(γ) 

BABAR, PRL 103, 231801 (2009) 

Systematic uncertainty: 
0.5—1.4%  

ρ(770) 

ρ(1450) 

ρ(1700) 

new ρ(~2300) ? 

Hard γ radiated in initial state 

Virtual 
photon γ* 
with Mγ*< s 

mµµ  [GeV/c2] 

M. Davier ICFA 2011
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R(s) input to HVP(LO)

Requires precision 
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HVP(LO & NLO)

Results from taus compare well too, but with some differences

Huge 15 year effort has paid off with factor of 4 error reduction

Prospects for even more improvements are good
• New VEPP-2000 at Novosibirsk 

(x10-100 better stats, energy up to 2 GeV)
• New CMD3 and SND2000 detectors 

HVP(NLO) is similar and uses much of the same data
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aHVPLO
µ = (692.3± 4.2)⇥ 10�10

aHVPNLO
µ = (�9.8± 0.1)⇥ 10�10

M. Davier, Hagiwara
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Hadronic light-by-light

Model dependent calculations
Now an industry!

Future prospects:
KLOE to measure
at q2~0 will provide first constraints 

Lattice QCD calculations are under study
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aHLBL
µ = (10.5± 2.6)⇥ 10�10

Prades, deRafael, Vainshtein (and others)
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INT Workshop on The Hadronic Light-by-Light 
Contribution to the Muon Anomaly, Feb 2011, UWash
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Comparing models and ingredients

47

Nyffeler talk @ INT 
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Hadronic contributions

48

athµ = aQED
µ + ahadµ + aweak

µ + a???µ

aHVPLO
µ = (692.3± 4.2)⇥ 10�10

aHVPNLO
µ = (�9.8± 0.1)⇥ 10�10

aHLBL
µ = (10.5± 2.6)⇥ 10�10

ahadµ = (693.0± 4.9)⇥ 10�10

aexpµ = 0.00 116 592 089(63)

ahadµ = 0.00 000 006 930(49)
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Electroweak contributions

Unambiguously calculable - BNL experiment sensitive

49

athµ = aQED
µ + ahadµ + aweak

µ + a???µ

µ µ µ µ µ

⇥ ⇥
⇥�

�
�

Z

W W

⌫µ �H

t

aexpµ = 0.00 116 592 089(63)

aEW

µ = 0.00 000 000 154(2)
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Standard Model Prediction

50

Status: summer 2011 (published results shown only) 
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aexpµ � aSMµ = 287(80)⇥ 10�11

aQED

µ = 0.00 116 584 718 09(15)

ahadµ = 0.00 000 006 930(49)

aEW

µ = 0.00 000 000 154(2)

aSMµ = 0.00 116 591 802(49)

aexpµ = 0.00 116 592 089(63)
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New Physics?

51

athµ = aQED
µ + ahadµ + aweak

µ + a???µ
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improvements needed to explore remaining parameter space !

MeV-GeV Aʹ constraints & prospects

MAMI has 
plans to cover 
similar regions

B/Phi-factories 
can significantly 
extend reach

see talk by Merkel

region motivated by theory, dark matter, muon g-2

Essig

Dark Photons? SUSY?
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SUSY?

SUSY with mass scale of 
several 100 GeV is consistent 
with discrepancy

52

aSUSY
µ ⇡ 13⇥ 10�10 sign(µ)

✓
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FIG. 1: aµ as a function of tan β for four different values of de-
generate SUSY masses. Solid (red) lines: correct aµ as in Eq. (11).
Dashed (black) lines: aµ without a

SUSY,∆µ
µ . Gray band: 1σ range

of Eq. (1).
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Summary of present status

Precision of results has generated enormous interest
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Explore the discrepancy with a next experiment
~ 3σ discrepancy - a hint of 
something new? 

Time for another experiment!

Goal:
0.10 ppm stat, 0.07 ppm systematic on 
both ωa and ωp

With a 0.14 ppm measurement,
current discrepancy becomes 
5.6σ (7.5σ if theory drops to 0.3 ppm)

What can you do with a factor of 4 
better experimental result?
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M. Davier
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FIG. 16: Measurements of aµ along with the SM value given above.

The present theoretical error [2, 4] of ±49£10°11 (0.42 ppm) is dominated by the ±41£
10°11 uncertainty on the lowest-order hadronic contribution and the ±26£10°11 uncertainty

on the hadronic light-by-light contribution. The lowest-order hadronic contribution could

be reduced to 25£10°11 based on the analysis of existing data and on the data sets expected

from future eÆorts, e.g. VEPP-2000 [45]. When combined with future theoretical progress

on the hadronic light-by-light contribution, the total SM error could reach 30£ 10°11.

With the proposed experimental error of ±16£ 10°11, the combined uncertainty for the

diÆerence between theory and experiment would be ±34 £ 10°11, which is to be compared

with the ±81£ 10°11 in Eq. (32).

1. R(s) measurements and the Higgs mass, MH

If the hadronic cross section that enters into the dispersion relation of Eq. (25) were to

increase significantly from the value obtained in the published papers of CMD2, SND and

KLOE, then as pointed out by Passera, Marciano and Sirlin [48], it would have significant

implications for the limit on the mass of the Higgs boson. The value of ¢Æ
(5)
had(MZ) depends

39

aµ to ± 16⇥ 10�11
(0.14 ppm)
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New physics with 0.14 ppm
Complementary to LHC

55
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amu
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FIG. 21: Possible future tanØ determination from the measurement of aµ , assuming that the

MSSM point SPS1a§ (see text) is realized. The yellow band is from LHC alone which gives

tanØLHC fit = 8.5 ± 4.5, taking over the SPS1a analysis of Refs. [96, 98]. The darker blue band

labelled E821 assumes ¢aµ = (255± 80)£ 10°11, which comes from the present values for aµ and

the Standard-Model contribution, the lighter blue band labelled FNAL corresponds to ¢afuture
µ =

(255±34)£10°11. The blue bands show ¢¬2 =
µ

aMSSM
µ (tan Ø)°aexp

µ

{80;34}£10°11

∂2

as a function of tanØ, where

in aMSSM
µ (tanØ) all parameters except tanØ have been set to the values determined at the LHC.

The width of the blue curves results from the expected LHC-uncertainty of the parameters (mainly

smuon masses and M2, µ) [98]. The plot shows that the precision for tanØ that can be obtained

using aµ is limited by the precision of the other input parameters but is still much better than the

determination using LHC data alone.

sensitive to parameters which are di±cult to measure at the LHC. If we are unfortunate,

then it represents one of the few ways to probe physics beyond the standard model. In

either case, it will play an essential and complementary role in the quest to understand

physics beyond the standard model at the TeV scale. This prospect is what motivates our

collaboration to push forward with a new measurement.
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Exp

(a)

FIG. 19: The Snowmass Points and Slopes predictions for aµ(SUSY) (in units of 10°11) for various

scenarios [92], and the UED prediction for one extra dimension [75]. (The horizontal axis has

no meaning except to make all points visible.) The wide blue band is the present 1æ diÆerence

between experiment and theory, ¢aµ = (255 ± 80) £ 10°11. The narrow yellow band represents

the proposed improved precision (±34 £ 10°11), given the same central value. In both cases the

error represents the quadrature between the experimental and theoretical errors.

free parameters by one. A large number of recent analyses have made use of this feature, see

e.g. Refs. [93]. In fact, the CMSSM is very sensitive not only to the aµ but also to the dark

matter (which in this model is assumed to consist of neutralinos) relic density. As shown in

Fig. 20, both observables lead to orthogonal constraints in CMSSM parameter space, and

therefore imposing both constraints leaves only two free parameters and thus allows for very

stringent tests of the CMSSM at the LHC. From Fig. 20(a) we see that in this model, there

is little room left for tan Ø = 10.

3. aµ is sensitive to quantities that are di±cult to measure at the LHC

For unraveling the mysteries of TeV-scale physics it is not su±cient to determine which

type of new physics is realized, but it is necessary to determine model parameters as precisely
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New g-2 experiment justification

Discrepancy with SM and complementarity with LHC 
makes for easy physics motivation. If there is new 
physics, 
LHC + g-2 will be a powerful combination

BNL E821 was statistics limited

Factor of 4 is about the limit of the current apparatus

Need 21x statistics to achieve this goal !!!

Gotta get more beam! Move to Fermilab -- Literally!

56
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Movin’ Out – Transporting the Ring
The existing BNL storage ring makes the new experiment work
Three ~50’ diameter coils are continuously wound!
The long trip is easy - Barge it

About a month long trip.  Ring ends up in Lemont

57



Lyon - New g-2 - ANL - 2012-01

Movin’ Out – Transporting the Ring
The existing BNL storage ring makes the new experiment work
Three ~50’ diameter coils are continuously wound!
The long trip is easy - Barge it

About a month long trip.  Ring ends up in Lemont

57



Lyon - New g-2 - ANL - 2012-01

Movin’ Out – Transporting the Ring
The existing BNL storage ring makes the new experiment work
Three ~50’ diameter coils are continuously wound!
The long trip is easy - Barge it

About a month long trip.  Ring ends up in Lemont

57



Lyon - New g-2 - ANL - 2012-01

The getting to and from the barge is hard

Inner cryostats are 3.5T ea
Outer cryostat is 8.5T
Connections < 5T
Existing shipping frame is 6T

Way Cool Helicopter (Skycrane):
Max load 12.5T
Need sterile 300 ft field 
underneath if jettison-able
Maybe bolt to helicopter?

Boring Truck: 
Carry entire package at once
Ring to go horizontal and vertical

58

Shim plateThrough bolt
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slot
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Spacer Plates

1570 mm

544 mm

Inner upper coil

Poles

Inner lower coil

To ring center
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Upper push−rod

1394 mm

360 mm

FIG. 7: Cross sectional view of the “C” magnet.

largest of the resulting multipoles, a 2 percent 20-pole component (at the circular edge of

the storage region), would not cause problems with muon losses or beam instabilities at the

chosen values of the field indices. The scalloped vacuum chamber introduces small 6- and

10-pole multipoles into the field shape.

The quadrupoles are charged for ≤ 1.4 ms of data taking during each fill of the ring.

Cycling the quadrupoles prevents the excessive buildup of electrons around the electrodes,

electrons which are produced by field emission and gas ionization and subsequently trapped

in the electric and magnetic fields near the quadrupoles. Trapping was particularly severe

during the R01 running period when negative muons were injected into the ring. The con-

tinuous motion of the electrons—cyclotron motion in the dipole magnetic field, magnetron

motion along !E × !B, and axial oscillations along the vertical axis—ionizes the residual gas

and eventually produces a spark, which discharges the plates.

Slight modifications of the magnetron motion were used to quench the electron trapping.

In the original design, electrons undergoing magnetron motion were trapped in horizontal

21
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Outer cryostat is 8.5T
Connections < 5T
Existing shipping frame is 6T

Way Cool Helicopter (Skycrane):
Max load 12.5T
Need sterile 300 ft field 
underneath if jettison-able
Maybe bolt to helicopter?

Boring Truck: 
Carry entire package at once
Ring to go horizontal and vertical
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We’ve started disassembly already

Summer 2011 at Brookhaven

59
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And studying old parts

Cornell got this box of stuff

60

And reconstructed a kicker
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A better beam from Fermilab

Need 180B positron decays
With 4 x 1020 Protons on target in 2 year run, 
need to improve μ/p by factor of 6 (11 to be safe)

61

parameter BNL FNAL gain factor FNAL/BNL

Yº pion/p into channel acceptance º 2.7E-5 º 1.1E-5 0.4

L decay channel length 88 m 900 m 2

decay angle in lab system 3.8 ± 0.5 mr forward 3

±pº/pº pion momentum band ±0.5% ±2% 1.33

FODO lattice spacing 6.2 m 3.25 m 1.8

inflector closed end open end 2

total 11.5

TABLE X: Parameters for E821 and the New g°2 Experiment beamline and their relative eÆect on

the stored muons per proton fraction. Pion yield Yº given for pion momentum bin pº= 3.11 GeV/c

± 0.5%.
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(a)Open End (b)Closed End

FIG. 30: Photos of the open- and closed-end inflector prototype.

from the open end can be excluded from the storage region by a passive superconducting

sheet.

A factor of 2 increase in muon flux is expected from opening the ends. Much of the

investment in engineering for this device has already been made and custom tooling necessary

to construct the magnet exists.

H. Summary of Stored Muon-to-Proton Factors

The experiment at Fermilab requires at least a 6-fold increase of the number of stored

muons per 8 GeV proton compared to that obtained by E821 for 24 GeV protons. Table X

summarizes the main gain factors of the New g ° 2 Experiment relative to E821 and their

origins. These estimates are preliminary and the proposed R&D plan foresees detailed end-

to-end simulations—which have begun—as well as beam tests to corroborate these numbers.

Additional improvements, due to a faster ring injection kicker or tighter proton focusing on

the production target, are under investigation. Thus, the required gain factor of 6 can

likely be exceeded, but we conservatively assumed this factor as a planning baseline for this

proposal.
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Synergies between g-2 and Mu2e
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Proton Improvement Plan  (PIP) 
•  Currently Booster limited by RF system to <9 Hz operation 
•  Proton Improvement Plan will allow 15 Hz operation of the Booster 
•  NOvA needs 9 Hz, leaving 5e20 POT/yr available for other programs 

  MicroBooNE (2014) – up to 6 Hz 
  g-2 (2016) – 3 Hz 
  Mu2e (2019) – 1.5 Hz 

Experiment Total Beam 
Request 

Available 
Protons/year 

Time Needed 

MicroBooNE* 6.7 e20 Up to 5.0 e20 < 3 years 

Muon g-2 4.0 e20 2.4 e20 2 years 

Mu2e 3.6 e20 1.2 e20 3 years 

* MicroBooNE can run in parallel with g-2 or Mu2e, but g-2 
and Mu2e have to run separately 
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Booster beam structure
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20 Booster cycles per NOvA cycle (1.33 sec) 

12 NOvA cycles stored in Recycler before transfer to MI 

Remaining 8 Booster cycles available for other experiments 

MiniBooNE experience, 1 Booster cycle -> 0.6e20 POT/year 

Main Injector 
Energy 

Booster 
Cycles 

Protons to NOvA Protons to g-2 

Protons to MicroBooNE 

Protons to Mu2e 
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Who gets beam when?
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Beam delivery to g-2
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Recycler Ring 

Beam Transfer and 
Delivery Ring 

Muon Campus 

Overview of beam plan 
• Recycler 

‒ 8 GeV protons from Booster 
‒ Re-bunched in Recycler  
‒ New connection from Recycler 

to P1 line (existing connection 
is from Main Injector) 

• Target station 
– Target 
– Focusing (lens) 
– Selection of magic momentum 

• Beamlines / Delivery Ring 
‒ P1 to P2 to M1 line to target 
‒ Target to M2 to M3 to 

Delivery Ring 
‒ Proton removal 
‒ Extraction line (M4) to g-2 

stub to ring in MC1 building 

Target Station 

3 1/12/12 Mary Convery 

Booster
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A huge recycling project

Make excellent use of existing Tevatron infrastructure

Beam line from BNL
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•  g-2 ring 
•  g-2 beamline 
•  Debuncher Ring 
•  Magnets, pumps, stands and other 

Accumulator Ring components 
•  AP transfer lines 
•  AP-0 Target Station 
•  AP-2 beamline magnets 
•  Main Injector RF ferrites 
•  Tevatron satellite refrigerators 
•  Tevatron N2 and He storage tanks 
•  Tevatron cryo line 
•  Tevatron High Temperature 

Superconducting leads 
•  Tevatron vacuum equipment 

•  Tevatron loss monitors 
•  Tevatron BPM electronics 
•  Tevatron electronics crates 
•  Tevatron control cards 
•  Tevatron damper system 
•  Misc. Tevatron Instrumentation 
•  Shielding steel 
•  Transformers  
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The Fermilab Muon Campus
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MC-1 (g-2)

Mu2e
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MC-1 Building
for g-2

High bay 80’ x 80’
for ring

Medium bay 40’ x 70’ for 
power supplies for g-2, 
beam, Mu2e AC dipole 
and HVAC

Low bay 40’ x 40’ for 
cryo plant for both 
experiments

68

Fully temperature controlled
Close to Booster - may need magnetic 
                             shielding
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Improving ωa

 + No hadronic flash, better laser calibration
 + New hodoscopes, tracking, open inflector, scraping

 + Segmented calorimeters 
 + Improved kickers

69

TABLE XIII: The largest systematic uncertainties for the final E821 !a analysis and proposed

upgrade actions and projected future uncertainties for data analyzed using the T method.

E821 Error Size Plan for the New g°2 Experiment Goal

[ppm] [ppm]

Gain changes 0.12 Better laser calibration and low-energy threshold 0.02

Lost muons 0.09 Long beamline eliminates non-standard muons 0.02

Pileup 0.08 Low-energy samples recorded; calorimeter segmentation 0.04

CBO 0.07 New scraping scheme; damping scheme implemented 0.04

E and pitch 0.05 Improved measurement with traceback 0.03

Total 0.18 Quadrature sum 0.07

6. !a systematic uncertainty summary

Our plan of data taking and hardware changes address the largest systematic uncertainties

and aims to keep the total combined uncertainty below 0.07 ppm. Experience shows that

many of the “known” systematic uncertainties can be addressed in advance and minimized,

while other more subtle uncertainties appear only when the data is being analyzed. Because

we have devised a method to take more complete and complementary data sets, we anticipate

the availability of more tools to diagnose such mysteries should they arise. Table XIII

summarizes this section.
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Segmented calorimeters
For reduced pileup
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Tracking Traceback detectors
Important for pitch systematic and Muon EDM
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17/369/23/10B. Casey,  UD0

TrackingTracking

• Tracking is needed to measure 
muon distribution and measure 
beam oscillations
– E821:  1 scallop replaced by 

tracking system
• Did the job but several 

disadvantages
– Upgrade: place straws inside the 

vacuum

30 Nov 2011 - Chris Polly - Fermilab 40  

In situ measurement in E989 FNAL g-2

c

Installing in vacuo 

tracking chambers

  

  - Track muons for better 

understanding of aμ 

systematics

  - Push dμ limits down to 

10-21 e⋅cm range

 

     

B. Casey - FNAL

For new experiment, place 
straws within the vacuum

Test stand
from CKM
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Muon EDM
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30 Nov 2011 - Chris Polly - Fermilab 39  

In situ measurement of EDM in g-2 experiments

tilts precession plane ⇒ vertical 
oscillation at ωa (out-of-phase)

Best limit from BNL E821

        dμ < 2.4 x 10−19 e⋅cm

Precession plane tilted, 
vertical out of phase
oscillation of ωa

by an angle

± = tan°1(¥µØ/2aµ).

The modulation in the vertical plane is sinusoidal and 90± out of phase with the aµ modu-

lation.

The E821 collaboration has recently published a measurement of the muon EDM by

including an up-down asymmetry, oÆset by 90± in the !a fit yielding an upper limit of

|dµ| < 1.9 £ 10°19 e cm [15] which is a factor of 5 improvement over the previous best

limit [134]. Results of the fit are displayed in Fig. 43. The measurement was performed in

part using straw-tube tracking detectors [135] that were designed to determine the muon

beam distribution within the storage ring and instrumented in front of one of the 24 calorime-

ter stations.

FIG. 43: Data recorded by the E821 traceback system. The left distribution is the number of

tracks versus time modulo the precession frequency. The right distribution is the average vertical

angle of the tracks versus time also modulo the precession period.

A. E821 Traceback System

There are three main components to performing the g°2 measurement: measurement of

the precession frequency; measurement of the magnetic field; and measurement of the spacial

distribution of muons within the field. The muon spacial distribution can be mapped by

measuring the positron trajectories and extrapolating back to the point where the trajectory

is tangent to the muon orbit. In E821, this was accomplished using a straw tracking system.
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Current best limit from E821

# tracks

vertical angle of tracks

|dµ| < 1.8⇥ 10�19 e cm (95% C.L.)

Expect 10-30x better 
in new experiment
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Improving ωp

To get to 0.07 ppm, more probes, mapping, shimming, temp control
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TABLE XII: Systematic uncertainties in the measurement of the magnetic field for experiment

E821 (1998–2001) and our projections for a future eÆort based on known techniques and existing

equipment. The uncertainty ”Others” groups uncertainties caused by higher multipoles, the trolley

frequency, temperature, and voltage response, eddy currents from the kickers, and time-varying

stray fields.

Source of errors Size [ppm]

1998 1999 2000 2001 future

Absolute calibration of standard probe 0.05 0.05 0.05 0.05 0.05

Calibration of trolley probe 0.3 0.20 0.15 0.09 0.06

Trolley measurements of B0 0.1 0.10 0.10 0.05 0.02

Interpolation with fixed probes 0.3 0.15 0.10 0.07 0.06

Inflector fringe field 0.2 0.20 - - -

Uncertainty from muon distribution 0.1 0.12 0.03 0.03 0.02

Others 0.15 0.10 0.10 0.05

Total systematic error on !p 0.5 0.4 0.24 0.17 0.11

The magnet was assembled as a kit at BNL, and would be assembled in a similar fashion

at FNAL. The magnet is made of 12 C-shaped iron yoke sectors, each in turn composed

of precision engineered, low carbon steel plates. Variations in the yoke plate thicknesses of

the order of 200 µm, cause similar variations in the 20 cm air gap, leading to variations

in the dipole field of 1000 ppm around the storage ring. Changes in the yoke permeability

from sector to sector also lead to changes in the dipole field, as do tilts, gaps, and other

imperfections.

Practical mechanical tolerances thus inevitably lead to variations of the magnetic field of

a thousand ppm. It is therefore unavoidable that reassembling the storage ring at Fermilab

will lead to the loss of field homogeneity realized at Brookhaven.

Reattaining high field uniformity requires a series of shimming steps, well established by

E821, from coarse to fine adjustments, and from mechanical to electrical techniques.

First the 12 upper and lower-yoke adjustment plates are shimmed by placing precision

spacers between them and the yoke steel, modifying the air gap. The precision pole pieces

are adjusted so that the surfaces of adjacent pole pieces are matched to ± 10 µm. The
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Geant4 Simulations

74

Injection to 
detection 
simulation
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Status and timeline

Granted Fermilab Stage 1 approval (1/11)
CD-0 in early 2012
CD-1 in summer 2012, writing CDR
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E989 Collaboration and Project

 > 70 members
22 institutions
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Chris Polly - Project manager
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Future: Possible scenario with Project X
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3 GeV Transfer Line 
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Summary

Muons are an excellent laboratory for fundamental physics with a long 
storied history

g-2 is extremely sensitive to minute high order SM effects and new 
physics

Nature is kind to these experiments with many tricks we can exploit

The 3σ discrepancy begs for further investigation

The Fermilab experiment is probably taking the magic momentum method 
to the limit

Future prospects are bright with g-2/EDM experiments at JPARC and 
Fermilab/Project-X 
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